The main purpose of this study was to identify predictors of revision ACL surgery after failed primary ACL reconstruction. We hypothesized that younger individuals and higher activity level will predict graft failure.
METHODS
This study was approved by the University of Pittsburgh Institutional Review Board using an expedited review process (IRB Protocol Number PRO11120006).
Subjects
A medical records review between January 1, 2007 and April 30, 2011 was performed to identify skeletally mature eligible subjects between 14 and 50 years of age at the time of primary unilateral ACL reconstruction. Subjects with concomitant meniscus (medial, 33%; lateral, 43%), ligament (medical collateral, 8%; lateral collateral, 1%; posterior cruciate, 0%), or cartilage (patella, 13%; trochlea, 8%; medial femur, 16%; lateral femur, 14%; medial tibia, 7%; lateral tibia, 9%) injury were included and surgically addressed according to the surgeon's opinion. Subjects who had prior injury or surgery to either knee were excluded. All surgeries were performed by 5 expert surgeons.
Of the 797 potential subjects identified by the medical records, we were able to locate and contact 494 subjects, of which 251 were included in this survey ( Figure 1 ).
Nonresponders were younger (21.1 ± 8.3 years) than those who responded (26.1 ± 9.9 years; P < .001) and more likely to be male (60% male vs 40% female) (P < .001) ( Table 1 ).
The mean age (±SD) of included subjects at the time of surgery was 26.1 ± 9.9 years; 139 subjects were female, and their mean length of follow-up was 3.4 ± 1.3 years ( Table 1) . The median time from injury to surgery was approximately 2 months.
Participants were arbitrarily placed into different subgroups based on their age at the time of surgery: 18 years, 19 to 23 years, or 24 years. Competitive sports participation was operationally defined as participation in strenuous sports activities that involve jumping, cutting, and hard pivoting (eg, football, soccer, basketball, volleyball, and gymnastics) or moderate sports activities that involve running, twisting, and turning (eg, tennis, racquetball, handball, ice hockey, field hockey, skiing, and wrestling) 4 to 7 times per week, with a minimum total Marx Activity Scale score of 12.
Procedures
Letters of invitation along with a consent form and survey were sent to all potential subjects using a 3-phase mailing procedure. To maximize response rate, invitation letters were followed by a postcard reminder, 2 additional letters, and 2 phone calls to nonrespondents. Subjects were asked to report their pre-and postsurgical levels of sports activity and participation. Predictors of revision ACL surgery were identified from subject characteristics (age at time of surgery, time from injury to surgery, sex, body mass index [BMI], preinjury activity level, return to sport status), details of the initial injury (mechanism; concomitant injury to other ligaments, menisci, and cartilage), surgical details of the primary reconstruction (Lachman and pivot shift tests under anesthesia, graft type, femoral drilling technique, reconstruction technique), and postoperative course (length of rehabilitation, complications) that were extracted from the questionnaire and medical records. All patients followed a standardized postoperative rehabilitation program, and return to sports occurred 9 to 12 months after surgery.
ACL Revision Outcome
The outcome of revision ACL surgery was determined by asking subjects to report any additional injuries or surgeries to the reconstructed knee, including revision ACL surgery. A reported revision ACL surgery was confirmed by evaluating the subject's medical records.
Data Analysis
Descriptive statistics were calculated and summarized for all variables. This included frequency counts and percentages for nominal variables and measures of central tendency (means, medians) and dispersion (standard deviations, ranges) for continuous variables. Independent t tests and chi-square tests were used to evaluate the differences in demographic variables between subjects who responded and those who did not respond to the invitations to participate in the study. Univariate logistic regression analyses were performed for all variables to identify factors that increased the risk of revision ACL surgery. Variables with P value <.25 (rule of thumb) were entered in a multivariate stepwise logistic regression model to determine the best predictors for revision ACL surgery taking into account other predictor variables in the model. Odds ratios (ORs) and 95% CIs were estimated. An alpha level of <0.05 was considered statistically significant. All statistical analyses were performed using SPSS (version 22.0; IBM Corp).
RESULTS
Of the 251 subjects, 21 (8.4%) reported that they had undergone revision ACL surgery after their primary unilateral ACL reconstruction. Of those, 18 subjects were injured during sports participation. Predictors of revision surgery after ACL reconstruction, such as age, sex, BMI, time from injury to surgery, baseline activity level, graft type, and surgical technique, are described in Table 2 .
Univariate Analyses
In the univariate logistic regression model, participants who had revision ACL surgery had a significantly increased risk of being 18 years or younger (OR, 9.5; P ¼ .004) or 19 to 23 years of age (OR, 9.9; P ¼ .005) compared with 24 years or older. Time from injury to primary ACL reconstruction was divided into 2 categories: less than 6 months (n ¼ 210) and 6 months or longer (n ¼ 41). No difference was found in reported graft failure frequency between the 2 groups. Moreover, BMI and sex were not significantly associated with increased risk of revision ACL surgery. Based on graft type, the difference in the risk for revision ACL surgery (autograft, 4.7%; allograft, 11.1%; mixed, 10%) was not significant (autograft vs allograft, P ¼ .076; autograft vs mixed, P ¼ .189). There were no differences in revision ACL rate between those who returned to sports and those who did not (Table 2) .
Subjects were divided into 2 groups with regard to activity level: competitive athletes (n ¼ 147) and other (n ¼ 104). Those who participated in competitive sports activities prior to surgery had a significant increased risk of undergoing revision ACL surgery compared with those who participated at other activity levels prior to surgery (OR, 3.3; P ¼ .023).
Patients who underwent primary double-bundle ACL reconstruction (n ¼ 55) had a significantly increased risk of undergoing revision ACL reconstruction compared with those who underwent primary single-bundle ACL reconstruction (n ¼ 196) (OR, 3.0; P ¼ .024) ( Table 2) . In further analysis, the combination of use of allograft and doublebundle ACL reconstruction had the highest frequency of revision (18.4%) (Table 3) .
Furthermore, patients who had double-bundle ACL reconstruction were predominantly of younger age, and a higher proportion participated at a competitive baseline activity level (Table 4) ; the same applies for patients who underwent double-bundle ACL reconstruction with allograft ( Table 5) .
None of the other variables, including mechanism of injury (sport vs other) (P ¼ .476); concomitant injury to the meniscus, other ligaments, or cartilage (P ¼ .366); 
Multivariate Analyses
In the multivariate logistic regression model, participants who were 18 years or younger had a significantly increased risk of revision ACL surgery compared with individuals 24 years or older (OR, 11.5; P ¼ .001). Moreover, there was a significantly increased risk of revision ACL surgery in patients between 19 and 23 years of age compared with 24 years or older (OR, 12.9; P ¼ .003) ( Table 6 ). Additionally, the multivariate logistic regression model indicated that when other variables in the model were also considered, participants who underwent primary ACL reconstruction with allograft in comparison with autograft had a significantly increased risk for revision ACL (OR, 3.8; P ¼ .010) ( Table 6 ).
DISCUSSION
The main finding of this study was that younger individuals at the time of primary ACL reconstruction and ACL reconstruction with allograft predicted significantly increased risk of revision ACL surgery. This is consistent with previous studies where young age has been associated with a greater risk of revision surgery. 2, 15, [17] [18] [19] 22, 37 In addition to the assumed increased activity in younger patients, the reason for this could also be that they are less compliant in terms of rehabilitation and had an earlier return to pivoting sports. These active lifestyle differences are difficult to assess and evaluate if they are true confounders, and there is no available evidence to date to support or negate these often used suggestions. However, it appears reasonable that subjects who are younger have a different active lifestyle compared with subjects who are a decade older, have full-time employment, and may have started a family.
The overall revision ACL rate after primary ACL reconstruction in the present study was 8.4%, which is in the reported range found in the literature (0%-14%). 5, 13, 26 Newer registry studies from Scandinavia that included a large number of individuals, however, report relatively low frequencies of revision ACL reconstruction (1.6%-5.16%). 15, 22, 24 The reason for the greater revision frequencies in this study is a potential selection bias in the included cohort and general differences in activity level and patient cohorts between this cross-sectional study and the cohorts used in the Scandinavian Knee Ligament Register reports.
Baseline activity level appears to be a predictor of revision ACL surgery in the present study. Patients who participated in competitive sports activities prior to primary ACL reconstruction had an increased risk of undergoing revision compared with those who were noncompetitive athletes. This is both reasonable and logical due to the fact that competitive sports not only means that the subject might exercise more often but is also exposed to more intense situations.
A multivariate logistic regression model found that allograft was an inferior graft choice in terms of revision ACL frequency compared with autograft. This is not only in line with most previous studies in this area 27 but also biomechanically and histologically reasonable. Moreover, previous studies found that ACL reconstruction with allograft combined with an early return to sports was a risk factor for graft failure. 6, 14, 30 A little surprising, the univariate analysis showed that double-bundle ACL reconstruction was associated with a greater risk of revision ACL reconstruction. This finding is not consistent with other high-quality studies reporting the outcome of double-bundle ACL reconstruction. For instance, Tiamklang et al 34 found 6 studies presenting data on graft failure in their Cochrane meta-analysis, and there was no significant difference between double-and singlebundle ACL reconstruction. Moreover, Bjö rnsson et al 5 found a trend toward fewer reruptures, and Suomalainen et al 32, 33 found significantly fewer graft failures and subsequent revision ACL surgery after double-bundle ACL reconstruction than after single-bundle surgeries at 5-year follow-up.
Further analysis of the results in the present study revealed that the increased risk for revision ACL surgery for those undergoing double-bundle ACL reconstruction was likely confounded by the fact that a larger proportion of patients who underwent double-bundle reconstruction underwent surgery with allograft compared with those who underwent single-bundle reconstruction. Additionally, those who underwent double-bundle ACL reconstruction were also younger and had an increased baseline activity level. All these factors could have contributed to the increased risk of revision ACL reconstruction for those who underwent double-bundle ACL reconstruction. This contention is supported by the findings of the multivariable analysis, which indicated that after controlling for the effects of age and graft type, double-bundle ACL reconstruction was no longer an independent predictor of revision ACL reconstruction.
An increased risk of primary ACL injuries in women has been reported in several earlier studies. 9, 23, 25, 35 In the present study, there was no effect for sex with respect to the risk of revision, which is in accordance with previous studies. # It is possible that different anatomy, biomechanics, and neuromuscular control 20, 21 after ACL reconstruction overrule the effect of sex that is associated with primary ACL injury.
Using data from the Danish Knee Ligament Reconstruction Register, Rahr-Wagner et al 24 found an increased risk of revision ACL surgery when the femoral tunnel was drilled through a medial portal compared with transtibial drilling. In the present study, there were no differences in terms of graft failure when drilling the femoral tunnel through a medial portal versus transtibial.
There are only a few studies in the current literature about the effect of BMI on revision ACL surgery. In the present study, there was no relationship between BMI and revision ACL surgery. Similar findings were reported by Hettrich et al. 10 However, Persson et al 22 found greater risk of revision in patients with a BMI of <25 kg/m 2 compared with patients with a BMI of >25 kg/m 2 . Similarly, van Eck et al 36 found that greater body weight was associated with graft failure. Based on data from this study and other highquality studies, it appears as though BMI has no effect on the frequency of revision, and if it does, it might be a confounder, for instance, for activity level.
Retrospective case control studies are often used to identify potential risk factors for adverse outcomes. However, there are several limitations to the present study. First, low follow-up is a severe limitation. Also, nonresponders to the study invitation were younger than those that responded. Since younger individuals in the current study as well as previous reports were more likely to undergo revision surgery, missing data from younger individuals could affect the prevalence of revision ACL surgery and result in an underestimation of the true overall revision surgery rate. Moreover, objective outcome measurements (eg, Lachman test, pivot-shift test, and KT-1000 arthrometer measurements) not being included at follow-up and limited information about reinjury are additional obvious limitations. Finally, revision surgery was used as a measure of graft failure, and it is likely that some individuals who experienced graft failure choose not to undergo revision surgery, which probably underestimates the graft failure rate. A strength of the study was that patients were asked to report all subsequent surgeries, not only evidence of revision ACL reconstruction. Given the significance of surgery to a patient, it is not likely that they would under-report revision ACL surgery. Moreover, the determination of revision surgery was not solely dependent on the patient returning to the Center for Sports Medicine, which minimizes the risk of underestimating the true rate of revision ACL surgery because patients may elect to go to another provider for their revision surgery.
Future studies that prospectively evaluate the incidence of revision ACL surgeries are necessary to more accurately determine the rate of revision ACL surgery after primary ACL reconstruction as well as the factors associated with revision ACL surgery. The validity of these prospective studies will be dependent on achieving adequate long-term follow-up (>80% over 5 or more years) to determine the true estimate of revision ACL reconstruction. In addition to determining the incidence of revision ACL surgery, to determine the true rate of ACL graft failure, other indicators of graft failure that should be considered are complaints of knee instability, pathological laxity (both anterior and anterolateral), and magnetic resonance imaging evidence of graft failure.
CONCLUSION
The overall rate of revision ACL surgery after primary unilateral ACL reconstruction was 8 
